ABSTRACT WALKER, HAZEL (University of Georgia, Athens), AND R. G. EAGON. Lactic dehydrogenases of Pseudomonas natriegens. J. Bacteriol. 88:25-30. 1964.-Lactic dehydrogenases specific for Dand L-lactate were demonstrated in Pseudomonas natriegens. The L-lactic dehydrogenase showed considerable heat stability, and 40% of the activity remained in extracts after heating at 60 C for 10 min. An essential thiol group for enzyme activity was noted. The results of these experiments were consistent with the view that lactate was dehydrogenated initially by a flavin cofactor and that electrons were transported through a complete terminal oxidase system to oxygen. The intracellular site of these lactic dehydrogenases was shown to be the cell membrane. It was suggested that the main physiological role of these lactic dehydrogenases is that of lactate utilization.
The marine bacterium, Pseudomonas natriegens, was reported to produce acidic products when cultivated aerobically in media containing glucose. These acidic products consist mainly of acetic, lactic, and pyruvic acids (Payne, Eagon, and Williams, 1961) . Although this is reminiscent of "coliform-type" of heterolactic fermentation, there is the major difference that P. natriegens forms these products aerobically. Similarly, P. natriegens was demonstrated to utilize predominantly an aerobic Embden-Meyerhof pathway, even though enzymes of the hexose monophosphate pathway were also detected in extracts (Eagon and Wang, 1962) . Reduced nicotinamide adenine dinucleotide (NADH) formed during the operation of the Embden-Meyerhof pathway was presumably oxidized through participation of the cytochrome system with oxygen as the terminal electron acceptor. At the same time, evidence was obtained for the operation of the Krebs tricarboxylic acid cycle.
With the foregoing in mind, the question of how lactic acid is metabolized by P. natriegens appeared to be pertinent. Although lactic dehydrogenases derived from animal sources are considered to be nicotinamide adenine dinucleotide (NAD)-linked (Singer and Kearney, 1954) , lactic dehydrogenases from many microorganisms are not NAD-linked. Some examples are those of Acetobacter peroxydans (De Ley and Schel, 1959) , Escherichia coli (Haugaard, 1959) , Tetrahymena pyriformis (Eichel and Rem, 1962) , and Saccharomyces cerevisiae (Nygaard, 1961) . Similarly, preliminary evidence indicated that lactic dehydrogenase of P. natriegens also was not NAD-linked (Lobley and Eagon, 1961) . Thus, the experiments described in this communication were undertaken to characterize the lactic dehydrogenase of P. natriegens.
MATERIALS AND METHODS Cultivation of organism and preparation of cell-free extracts. P. natriegens was cultivated at 30 C on a rotary shaker in a basal salts-sea salt medium containing dehydrated nutrient broth and glucose as previously described (Eagon and Wang, 1962) , modified by the addition of 3 g of dehydrated yeast extract per liter.
Cell-free extracts were prepared by sonic oscillation and were dialyzed as previously described (Eagon and Wang, 1962) . Protein determinations of the extracts were made with the Folin reagent described by Lowry et al. (1951) For the former method, the following reaction mixture was employed: 100 ,umoles of tris buffer (pH 9.0); 10 ,umoles of D-or L-lactate; 0.1 ml of diluted extract containing 0.2 to 0.3 mg of protein; total volume, 1.0 ml. The reaction was carried out at 37 C. Pyruvate was assayed according to the method of Friedemann and Haugen (1943) cathode. Both D-and L-lactic dehydrogenase systems were present in this single band. This band, furthermore, was composed of many dark, purple particles giving a stippled appearance rather than an evenly, homogeneously stained area. This suggested that the lactic dehydrogenase activity was located in a subcellular particulate fraction in the extract rather than as a "soluble" enzyme system.
Location of lactic dehydrogenase activity in cell membranes. Attempts to purify lactic dehydrogenases by ammonium sulfate precipitation were not successful, in that activity was found in all fractions with little purification. The observation was also made that a considerable portion of the activity was located in particles sedimented by high-speed centrifugation of extracts. This evidence, plus evidence from electrophoretic experiments. suggested that the lactic dehydrogenase systems may be located in the cell membrane. Results in Table 3 confirm that these systems are located in the cell membrane. Little activity was observed in the supernatant fraction (i.e., lysozyme supernatant fluid) after removal of cell membranes from the reaction mixture containing osmotically ruptured spheroplasts. Results from three experiments with L-lactate and two experiments with D-lactate as substrates are shown.
Anaerobic experiments. Lactic dehydrogenase systems in extracts prepared from P. natriegens cultured anaerobically had the same characteristics as did those from aerobically cultured 
DISCUSSION
The results of these studies point to the existence of two lactic dehydrogenases in P. natriegens specific for D-and L-lactate. Although these two enzyme systems were shown to have similar characteristics, differences were noted in their degree of heat lability and in their affinity for PMS as an electron acceptor.
No Results from experiments with specific respiratory inhibitors indicated that a complete respiratory chain was involved. Inhibition was noted with Atabrine and Amytal. The former is considered to be a specific inhibitor for flavoprotein (Hellerman, Lindsay, and Bovarnick, 1946) , and the latter was reported to inhibit near the lowest member of the respiratory chain (Chance, 1957) , either between substrate and flavoprotein (Packer, 1958) or between flavoprotein and coenzyme Q (Hatefi et al., 1962) . Participation of the cytochrome cofactors was indicated by inhibition with antimycin A and 2-n-heptyl-4-hydroxyquinolin-N-oxide (HOQNO), which inhibit between cytochromes b and c, and by inhibition with KCN and NaN3, which are inhibitors of cytochrome oxidase (Chance, 1957; Hatefi et al., 1962; Packer, 1958) . Thus, the lactic dehydrogenases of P. natriegens appear to be hemeflavoproteins similar to those of certain other microorganisms. These lactic dehydrogenases, exemplified by the yeast enzyme, were shown to contain flavoprotein and cytochrome b2 and, correspondingly, to reduce cytochrome c (Morton, 1961) .
Participation of the terminal oxidase system suggested that enzyme systems of the cell membrane were involved. Similarly, experiments with zone electrophoresis of extracts in starch gel suggested that the lactic dehydrogenases were located in a subcellular "particulate" fraction rather than occurring as "soluble" enzymes. These observations were confirmed when 95 to 100% of the lactic dehydrogenase activity was shown to be present in isolated cell membranes. Similarly, "aerobic" lactic dehydrogenases from other bacteria were reported to be located in the cell membrane (Smith, 1961) .
These results give little indication of the physiological role played by the lactic dehydrogenases of P. natriegens. At the same time, the mechanism of lactic acid synthesis remains obscure. Although P. natriegens was reported to produce lactic acid, recent experiments indicate that, under fully aerobic conditions, less than 1 % of the glucose actually catabolized is converted to lactic acid (unpublished data). Thus, lactic acid would appear not to be an important or essential product of P. natriegens metabolism. Furthermore, other experiments showed that resting cells can utilize lactate without a period of inducement. When all the data are considered, the argument can be advanced that the main physiological role of the lactic dehydrogenases of P. natriegens is that of lactate utilization.
